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Abstract
Despite numerous studies examining the possible induction of apoptosis in porcine reproductive and respiratory syndrome

virus (PRRSV)-infected cells, it remains unclear if PRRSV infection results in direct apoptotic induction. There is clear evidence

that apoptotic cells are present in tissues from PRRSV-infected pigs. However, many of these studies have failed to show that the

apoptotic cells are infected with PRRSV. This has led some investigators to propose that ‘‘bystander’’ cells, not infected cells,

become apoptotic during PRRSV infection by a yet undetermined mechanism. Studies examining the induction of the apoptotic

gene expression response to PRRSV infection are needed to determine if PRRSV replication triggers an apoptotic response. We

have utilized microarray and semi-quantitative reverse-transcription polymerase chain reaction (sqRT-PCR) to evaluate

apoptotic gene expression in PRRSV-infected MARC-145 cells. Twenty-six apoptosis-related genes were examined during

the first 24 h of infection and found to be unaltered, indicating that apoptotic induction was not occurring in PRRSV-infected

cells. Additionally, using detection of free nucleosomal complexes, we examined cells for both apoptotic and necrotic death

resulting from PRRSV infection at varying multiplicities of infection. This study indicates that PRRSV-infected MARC-145

cells undergo necrosis at a much higher level than apoptosis, and increases with virus levels used to infect the cells.
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1. Introduction

Apoptosis and necrosis are two distinct processes

leading to cell death, with clearly distinguishable

morphological and biochemical features (Wyllie et al.,

1980). However, these two processes can simulta-

neously occur in tissues or cells exposed to the same

stimuli (Shimizu et al., 1996). Often, the intensity of

the stimulus decides the prevalence of either apoptosis

or necrosis (Dypbukt et al., 1994; Bonfoco et al.,

1995). This suggests that while some early events may

be common to both types of cell death, a downstream

controller may be required to direct cells towards the

organized execution of apoptosis versus the accidental

death, necrosis. In this paper, we will present a brief

review of apoptosis and necrosis and the relevance of

each to the finding within arterivirus pathogenesis,

with special reference to porcine reproductive and

respiratory syndrome virus (PRRSV). We will also

present data from our studies relating to apoptosis and

PRRSV.

1.1. Apoptosis

Apoptosis, or programmed cell death, is a highly

regulated process modulated by both proapoptotic and

antiapoptotic cellular factors and activated by various

stimuli that disturb cell metabolism and physiology

(Kerr et al., 1972; Hetts, 1998). Cells exposed to

proapoptotic stimuli shrink; develop blebs on their

surface; undergo nuclear condensation; experience

mitochondrial breakdown with the release of cyto-

chrome c; and finally break into small, membrane-

wrapped fragments. These fragments expose phos-

photidylserine on the plasma membrane surface

resulting in recognition and endocytosis by phagocytic

cells, with secretion of anti-inflammatory cytokines. A

common feature of apoptosis is cleavage of DNA into

approximately 180 bp fragments, a late event during

the process that is commonly used to detect apoptotic

cells.

Currently, as illustrated in Fig. 1, two distinct

pathways of apoptosis have been described, intrinsic

and extrinsic apoptosis (Roy and Nicholson, 2000).

Intrinsic apoptosis is initiated as a response to cellular

stressors such as DNA damage, toxic drugs, and

unscheduled DNA replication (Roy and Nicholson,

2000). The protein p53 is activated following DNA
damage and triggers apoptosis through transcriptional

activation of the Bcl-2 associated (Bax) gene (Lowe et

al., 1993; Miyashita et al., 1994). In many cell types,

intrinsic apoptosis is regulated by the expression ratio

of cell death inhibitor proteins, including Bcl-2, and

cell death inducer proteins, such as Bax (Oltvai et al.,

1993; Miyashita et al., 1994; Reed, 1994; Sedlak et al.,

1995; Cory et al., 2003). This mechanism has been

referred to as the rheostat hypothesis (Korsmeyer,

1995). In healthy cells, Bcl-2 is present on the surface

of mitochondrial outer membranes and prevents

apoptotic induction by blocking the actions of Bax

and related proteins. Intrinsic apoptotic induction

alters the ‘‘rheostat’’, shifting in favor of Bax and

related proteins. This ultimately results in a loss of the

inner mitochondrial transmembrane potential and

causes Bcl-2 to dissociate from the membrane and

release cytochrome c into the cytoplasm (Kluck et al.,

1997). The released cytochrome c forms a heterodimer

with the Apaf-1 protein which triggers the formation

of the apoptosome, approximately a 1 MDa oligo-

meric complex containing seven molecules each of

Apaf-1, cytochrome c, ATP, and caspase 9 (Zou et al.,

1997; Waterhouse et al., 2002). The formation of the

apoptosome activates caspase 9 cleave other caspases,

triggering an expanding caspase cascade that leads to

the digestion of structural proteins in the cytoplasm,

degradation of chromosomal DNA, and phagocytosis

of the cell (Thornberry and Lazebnik, 1998).

A caspase-independent mechanism of intrinsic

apoptotic induction has also been identified (Hunot

and Flavell, 2001; Joza et.al., 2001). This pathway

utilizes neither initiator nor effector caspases, but

rather is mediated by the nuclear effector, apoptosis

inducing factor (AIF), which directly triggers chro-

matin condensation and DNA fragmentation in the

nucleus. This pathway, like the caspase-dependent

intrinsic pathway, is suppressed by the antiapoptotic

protein Bcl-2.

Extrinsic, or ‘‘death’’ receptor mediated apoptosis

is initiated when a soluble ligand (such as tumor

necrosis factor, TNF; Fas ligand, FasL; or TNF-related

apoptosis-inducing ligand, TRAIL) binds to specific

receptors on the cell surface (Nagata, 1997; Ashkenazi

and Dixit, 1998). Upon ligand binding, the assembly

of the death-inducing signaling complex (DISC, a

complex composed of Fas, FasL, FADD, and pro-

caspase 8) is triggered and leads to the activation of
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Fig. 1. Intrinsic and extrinsic apoptotic pathways. Apoptotic pathways as discussed in this review in regards to PRRSV-infection of MARC-145

cells. Lines with arrows denote an activating reaction, lines ending in perpendicular lines denote inhibition of the reaction, and dotted lines

denote uncertainty of the reaction.
caspase 8. Caspase 8 (like caspase 9) initiates a

cascade of caspase activation leading to phagocytosis

of the cell (Ashkenazi, 2002).

Both the intrinsic and extrinsic apoptosis pathways,

other than the AIF-dependent pathway, utilize

‘‘initiator’’ caspases (e.g., caspase 8 or 9) to activate

‘‘effector’’ caspases (e.g., caspase 3 or 7). Caspases

are synthesized as pro-enzymes that must undergo

proteolytic processing to become activated. Activation

of initiator caspases triggers a cascade of caspase

activation, ultimately leading to the activation of

caspase 3 (Earnshaw et al., 1999). Upon activation,

caspase 3 is capable of cleaving many important

cellular substrates leading to inactivation of critical

DNA repair enzymes, activation of specific nucleases,

and changing the cytoskeleton of the nucleus and

cytoplasm leading to DNA cleavage and nuclear

collapse (Nicholson et al., 1995).

Apoptosis is often modulated in the pathogenesis of

infectious diseases. Inhibition of apoptosis may

benefit intracellular viruses by prolonging their

survival. Viruses that produce dsRNA as part of their
replication cycle directly trigger apoptosis in infected

cells. Many viruses have adapted by encoding

antiapoptotic gene products that permit their see-

mingly undetected replication. Some viruses (e.g.,

African Swine Fever Virus, ASFV) encode proteins

that prevent apoptosis through inactivation of p53 or

binding of Bax (Neilan et al., 1993; Afonso et al.,

1996; Brun et al., 1996; Revilla et al., 1997; Young et

al., 1997). Yet other viruses (such as Baculovirus)

possess mechanisms to inhibit apoptosis by expressing

caspase inhibitors that interfere with caspase function

(Manji and Friesen, 2001). Thus, viruses have evolved

numerous mechanisms acting at many different points

in the induction to interfere and block apoptosis.

1.2. Necrosis

The other mechanism of cell death due to viral

infection is necrosis. Necrosis is the pathological

process which occurs when cells are exposed to a

variety of detrimental stimuli (Majno and Joris, 1995).

Necrosis was long thought to be an uncontrolled,
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irreversible process; however, more recent studies

have shown that necrosis is highly regulated and a fine

regulatory line exists between necrosis and apoptosis

(Plymale et al., 1999; Proskuryakov et al., 2002, 2003;

Syntichaki and Tavernarakis, 2002). Necrosis begins

with damage to the plasma membrane impairing the

cell’s ability to maintain homeostasis, leading to an

influx of water and extracellular Ca2+ ions. To this

point, the process is reversible. Irreversible cellular

necrosis is associated with swelling of intracellular

organelles, most notably the mitochondria, and the

entire cell swells and ruptures (cell lysis). With

breakdown of the plasma membrane, the cytoplasmic

contents (including lysosomal enzymes) leak out into

the extracellular fluid, which is why necrotic cell death

is often associated with extensive tissue damage and

an intense inflammatory response (Schwartz et al.,

1993).

1.3. Apoptosis and arteriviruses

Equine arteritis virus (EAV) is the prototype virus

of the Arteriviridae. Archambault and St-Laurent

(2000) have shown that EAV induces apoptosis of

infected cells in vitro without inhibiting viral multi-

plication, and the EAV-induced apoptotic process

(fragmentation of chromosomal DNA into nucleoso-

mal oligomers and caspase activation) correlates with

the appearance of cytopathic effect (CPE) (Arch-

ambault and St-Laurent, 2000). Studies examining this

effect in vivo have not been published to confirm that a

similar response occurs within infected animals.

1.3.1. Apoptosis and PRRSV

There are a number of published studies examining

PRRSV infection and apoptosis. Despite the large

body of work in this area, there is still conflicting

evidence and views as to whether PRRSV induces

apoptosis directly (within infected cells) or indirectly

(within bystander cells). However, it is clear that

within both infected tissue cultured cells and animals,

apoptotic cells are observed and contribute to the

pathology observed in the animal. In the next few

paragraphs, we will summarize published studies

pertaining to PRRSV and apoptosis.

The first report of apoptosis related to PRRSV was

by Suarez et al. (1996). Expression of the PRRSV GP5

(ORF5) gene in monolayers of cells using a vaccinia
virus expression vector induced apoptosis, while the

vaccinia vector alone did not. In addition, the study

demonstrated similar apoptosis induction in both

PRRSV-infected cultured cells and macrophages from

infected pigs. The GP5-induced apoptosis was not

prevented in cells stably expressing the Bcl-2 protein,

leading the authors to conclude that the PRRSV-

specific induction of apoptosis must be occurring

downstream of Bcl-2 in the apoptosis cascade or by a

yet undetermined pathway. The apoptotic inducing

region of GP5 has been mapped to the N-terminal 119

amino acids by Fernandez et al. (2002), using vectors

that enabled transient expression of GP5 concurrently

with reporter genes (luciferase and CAT). Recently,

Gagnon et al. (2003) expressed the GP5 protein using

an adenovirus expression system and detected an

increase in caspase 3 activity in cell monolayers trans-

fected with the vector. In addition, DNA fragmenta-

tion was evident within the monolayer. Together,

these reports demonstrate that artificial expression of

GP5 using viral vectors can induce apoptosis within

monolayers of cells, but the mechanism of induc-

tion (direct or indirect) has not been definitively

elucidated.

During infection of pigs with PRRSV, apoptotic

cells are found widely distributed within infected

tissues (including: lungs, testes, and lymph nodes).

Sur et al. (1997) demonstrated that in acutely infected

boars there was significant depletion of germ cells

within the testis. Furthermore, it was shown that germ

cell death occurred by apoptosis as detected by in situ

TUNEL assays. The study was not able to determine

conclusively if cells undergoing apoptosis were also

infected with PRRSV. An additional study by Sur et al.

(1998), examined whether PRRSV-induced apoptosis

occurred as a direct result of virus infection. The study

demonstrated widespread apoptosis in lungs and

lymphoid tissues of young pigs using immunohisto-

chemical methods, TUNEL, DNA gel electrophoresis,

and electron microscopy. However, the study ulti-

mately concluded that the majority of apoptotic

cells were not infected with PRRSV. Sirinarumitr

et al. (1998) reported similar results when infecting

young pigs with PRRSV. Apoptotic cells were

identified based upon ultrastructural morphology

and in situ TUNEL assays. However, upon performing

dual labeling experiments it was concluded that the

majority of apoptotic cells were not infected with
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PRRSV. A similar finding was reported by Labarque et

al. (2003) when, utilizing dual-labeling methods, they

found that the majority of apoptotic cells collected

during lavage of infected piglets were not infected.

Using a double-labeling procedure for the detection

of PRRSV and in situ TUNEL assay for the detection

of apoptosis in infected pig lungs, Choi and Chae

(2002) demonstrated that a majority of labeled cells

were infected with PRRSV or apoptotic, but not both.

Additionally, double-labeling for the TNF-alpha and

in situ TUNEL assay for the detection of apoptosis

demonstrated that cells were apoptotic or positive for

TNF-alpha, but not both. The authors suggest that

TNF-alpha released from macrophages after infection

by PRRSV may be the causative inducer of apoptosis

in uninfected bystander cells. Oleksiewicz and Nielsen

(1999) showed that PRRSV-infection of in vitro

cultured swine alveolar macrophages led to a 40%

reduction in the number of viable cells at 48 h post-

infection, but the surviving cells exhibited normal

phagocytic ability. In comparison to living cells, dead

cells were shown to have a two-fold reduction in

forward light scattering, a measure of cell size. The

study used this method for the detection of apoptosis

along with flow cytometric analysis of propidium

iodide stained cells to detect reductions in DNA

content. It is important to note that both apoptosis and

necrosis can result in the reduction of cell size and

DNA content and that the methods used in this study

could not have differentiated between the two

processes. Finally, a study by Feng et al. (2002)

showed by the TUNEL method that the number of

apoptotic thymocytes was increased two-fold in

PRRSV-infected piglets. The study did not attempt

to examine the apoptotic cells for the presence of a

replicating virus.

In addition to in vivo infection, apoptosis has been

reported within in vitro infected cells (Sirinarumitr et

al., 1998; Kim et al., 2002). A ‘‘nontypical’’ form of

apoptosis has been described by Kim et al. (2002) in

PRRSV-infected MARC-145 cells (African green

monkey kidney cells). At 3 days post-infection,

infected cells were observed detaching from the flask

surface and undergoing apoptosis, as evidenced by

nuclear condensation and inter-nucleosomal DNA

fragmentation. Co-localization of both PRRSV anti-

gen and apoptosis (using TUNEL assay, which detects

nicked DNA ends) was evident within these cells and
provides, perhaps, the strongest evidence to date that

PRRSV is capable of directly inducing apoptosis. It is

important to note that the study also showed that the

majority of these cells were necrotic, as evidenced by

trypan blue uptake. Given these results, it is important

to consider the possibility that the DNA fragmentation

may have resulted from necrosis, as documented in

other systems (van Lookeren Campagne et al., 1995).

Yet, another possibility is that these cells are indeed

undergoing apoptosis mediated through the AIF-

dependent pathway that does not result in ‘‘typical’’

apoptosis (Fig. 1). Sirinarumitr et al. (1998) reported

that PRRSV infection of the American Type Culture

Collection (ATCC) CRL 11171 cells (another African

green monkey kidney cell line) resulted in apoptosis,

as evidenced by electron microscopy, TUNEL, and

double-labeling methods. Unlike the report by Kim et

al. (2002), this study determined that apoptotic cells

were primarily uninfected or bystander cells in the

monolayer. The techniques used in this study would

have only permitted examination of adherent cells

in the monolayer, not floating cells, which may

account for the differing conclusions between the two

studies.

The majority of published work supports a

mechanism of apoptotic induction by indirect (extrin-

sic) induction in bystander cells. However, this has not

been proven conclusively and further investigation is

warranted. In particular, there is a need to examine

pro-apoptotic gene expression during PRRSV infec-

tion. The induction of apoptosis is a highly regulated

process involving a cascade of known genes.

Examining the expression of genes in this cascade

will permit the differentiation between apoptotic and

necrotic induction, whereas, methods such as the

TUNEL assay, which detect events occurring late in

the process and similar to both processes, are unable to

differentiate. In addition, examination of virus load

(multiplicity of infection) is imperative, given several

studies have documented both apoptotic and necrotic

cell deaths by the same virus with varying levels of

viral exposure (Plymale et al., 1999; Rasilainen et al.,

2004). To this end, we have conducted experiments

examining the expression of apoptosis-related genes

during PRRSV infection of MARC-145 cells using

microarray methodology in conjunction with detec-

tion of nucleosomal fragmentation of DNA in cells

exposed to varying levels of virus.
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Fig. 2. Expression of apoptotic gene transcripts in PRRSV-infected

MARC-145 cells. Transcript profiles of MARC-145 cell response to

PRRSV infection were examined in MARC-145 cells infected with

PRRSVat an moi of 10. Cells were collected at 2, 6, 10, 16, and 24 h

post-infection, poly-A RNA isolated, and assayed using the Life-

Array V2.34 (Incyte Genomics, Palo Alto, CA). Significant change

in gene expression is 2.5 (dotted lines). Mock-infected cells were

used as comparative samples.
2. Results

Monolayers of MARC-145 cells were infected with

PRRSV isolate 16244b at a high multiplicity of

infection (moi = 10) to maximize the number of

infected cells and minimize the affect of uninfected

cells on the analysis. It is imperative to have all (or as

many possible) cells infected when trying to

determine if PRRSV infection is directly inducing

apoptosis. Cells were monitored for virus replication

by sqRTPCR and immunofluorescent staining for

PRRSV antigen. Cell monolayers displayed greater

than 87% of the cells infected with PRRSV and

showed dramatic increases in both positive-stranded

(236-fold) and negative-stranded (32-fold) RNA

detection between 16 and 48 h infection (data not

shown). Cells were harvested at 2, 6, 10, 16, and 24 h

post-infection, mRNA harvested and labeled, and

microarray analysis performed using the LifeArray

V2.34 (Incyte Genomics, St. Louis, MO) containing

over 9200 genes. All 9200 genes were analyzed in

relation to mock infected time controls. Using

numerous internal controls, Incyte Genomics calcu-

lated that genes with expression changes of greater

than 2.5-fold were significantly different using these

arrays. Thus, all genes in which the mRNA levels

differed by 2.5-fold or more between mock and

PRRSV-infected samples were significantly changed

as a result of infection. The data set was selectively

queried such that genes involved in apoptosis were

analyzed as a unique set (Fig. 2, Table 1) using the

software package GeneSpring (Silicon Genetics,

Redwood City, CA). The 26 genes analyzed did not

show significant alteration over the 24 h time course

performed. In addition, semi-quantitative real-time

reverse transcription polymerase chain reaction

(sqRT-PCR) of several genes at 48 h post-infection

showed no difference from the 24 h results (data not

shown). Thus, PRRSV-infection does not induce

apoptotic gene expression.

To ensure we were not missing apoptotic induction

by only examining transcript levels, we examined the

cellular and extracellular fractions of the cellular

monolayers for free histone-associated DNA frag-

ments in both the cellular fraction (apoptosis) and

extracellular or supernatant fraction (necrosis) using

the Cell Death Detection ELISAPLUS Kit (Roche

Molecular Biochemical, Indianapolis, IN). Fig. 3,
Panel A, shows the proportion of necrotic and

apoptotic MARC-145 cells following infection with

PRRSV (using a moi of 0.1, 1, and 10) compared with

mock-infected and cyclohexamide (known intrinsic

inducer of apoptosis) controls. Levels of viral RNA

accumulation, as measured by sqRT-PCR, were

consistent with the virus moi utilized to infect the

cells at 24 h post-infection, and were at similar levels

by 48 h post-infection (data not shown). At 24 h post-

infection, a clear induction of necrosis in PRRSV-

infected cells is evident and increases as the virus moi

increases. Only minimal increases in the apoptotic

indicator occurred between mock-infected and

PRRSV-infected cells, despite the amount of virus

inoculum utilized. Similar results were determined at

48 h post-infection (Fig. 3, Panel B). Necrosis was

prevalent, regardless of treatment, while apoptotic

indicator levels were much lower and similar across

all cellular treatments. These results indicate that

necrosis, more so than apoptosis, contributes to cell

death induced by PRRSV.
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Table 1

Apoptosis genes examined in microarray experiment (Fig. 2)

Gene namea Accession number 24 h datab

Apoptosis inhibitor 5 U83857 0.975

Survivin NM_004920 1.089

Baculoviral IAP repeat-containing 5 (survivin) NM_013229 0.775

CASP8 and FADD-like apoptosis regulator U75285 0.826

Caspase 2, apoptosis-related cysteine protease AF077350 0.876

PRKC, apoptosis, WT1, regulator BE513972 0.961

PRKC, apoptosis, WT1, regulator U13698 0.993

Apoptotic protease activating factor U13022 0.741

Caspase 1, apoptosis-related cysteine protease U13738 0.998

Caspase 10, apoptosis-related cysteine protease U25804 1.384

Caspase 3, apoptosis-related cysteine protease U28015 1.21

Caspase 4, apoptosis-related cysteine protease U20536 0.864

Caspase 5, apoptosis-related cysteine protease U37448 0.96

Caspase 6, apoptosis-related cysteine protease U60520 1.047

Caspase 7, apoptosis-related cysteine protease U60521 0.992

Caspase 8, apoptosis-related cysteine protease AI874357 1.179

Caspase 9, apoptosis-related cysteine protease AA527277 0.636

Modulator of apoptosis 1 AW960701 1.092

Requiem, apoptosis response zinc finger gene BE384951 1.546

Secreted frizzled-related protein 5 AF017988 1.014

Serine/threonine kinase 17a (apoptosis-inducing) NM_004760 0.889

Serine/threonine kinase 17b (apoptosis-inducing) AW172382 1.212

TGFB1-induced anti-apoptotic factor 1 AA402957 1.117

Tumor necrosis factor (ligand) superfamily, member 6 NM_000639 1.132

Tumor necrosis factor receptor superfamily, member 10b AF016268 2.032

Apoptosis associated tyrosine kinase (AATYK) NM_001230 0.819

a If gene is unnamed, function is listed.
b Normalized differential expression of PRRSV-infected cells in comparison to mock-infected cells at 24 h post-infection.
The results shown in Fig. 3 indicate a low, variable

level of apoptosis in PRRSV-infected cells. This

same effect, not evident in 24 h mock treated cells,

was seen in 48 h mock treated cells. This raised the

possibility that length of time in culture may be

triggering apoptosis at a low level in MARC-145 cells.

Given that all virus stocks utilized were prepared from

72 h infections containing virus in ‘‘spent’’ culture

medium, we examined the effect of ‘‘spent’’ culture

media (i.e., media harvested from cells at 72 h in a

manner similar to virus preparations, on MARC-145

cells). Fig. 4 shows that ‘‘spent’’ culture media alone

induces low levels of apoptosis, as well as cellular

necrosis when compared to cells cultured in ‘‘fresh’’

media. This low level of apoptosis is at a similar level

to that seen in the PRRSV-infected cells in Fig. 3.

Thus, factors present in 72 h culture media from

MARC-145 cells are capable of inducing low-level

apoptosis in the cell monolayers, independent of virus

infection.
3. Discussion

Transcriptional profiling using microarrays and

sqRT-PCR has enabled us to accurately quantify the

effect of PRRSV infection on MARC-145 cell gene

expression. Analysis of the 26 apoptosis-related genes

over the 24 h time course of infection, displayed little

to no change in transcript abundance, indicating that

apoptosis is not being induced in these cells.

Apoptosis, once induced, can be completed within

30–60 min and necrosis within 24 h (Majno and

Joris, 1995). Our results suggest that apoptotic gene

expression is not occurring within the first 24 h of

infection, in spite of the fact that PRRSV is replicating

to high levels. Remaining to be answered is whether

PRRSV actively interferes with the induction or

simply does not induce apoptosis.

It is interesting, to speculate on whether or not

PRRSV actively interferes with the induction of

apoptosis. Previous studies in our laboratory have
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Fig. 3. Induction of apoptosis vs. necrosis in PRRSV-infected MARC-145 cells. MARC-145 cells were trypinized, washed, seeded (104 cells/

well) in a 96-well flat-bottomed microtiter plate, and grown at 37 8C, 5% CO2 for 16 h. The cells were infected in triplicate with PRRSV isolate

16244b in declining multiplicity of infection of 10, 1, and 0.1. Virus was applied to confluent monolayers in chilled MEM media and permitted to

adhere at 4 8C for 1 h, then pre-warmed MEM media with 5% fetal calf serum (FCS) was added, and the cells were placed at 37 8C, 5% CO2 and

humidification. Mock-infected cells were treated with cell culture MEM medium without PRRSVas a negative control. The cells were incubated

for 24 (Panel A) or 48 h (Panel B), centrifuged 10 min with 200 � g, and the supernatant retained for necrosis analysis. The cell pellet was

resuspended in 200 ml Lysis buffer (10 mM EDTA, pH 8), incubated 30 min at 15–25 8C for cell lysis. After lysis, cells were centrifuged and

20 ml from the supernatant (cytoplasmic fraction) was transferred into streptavidin coated microplates for analysis in the Cell Death Detection

ELISAPLUS (1 � 103 cell equivalents/well = 5 � 103 cell equivalents/ml). One hundred micrometers of cycloheximide was added to MARC-

145 cells for 24 and 48 h as a positive inducer of apoptosis.
shown that PRRSV inhibits type-I IFN mRNA

synthesis induced by yeast tRNA, a form of dsRNA

that mimics vRNA-induction of innate immune

responses (Miller et al., 2004). A number of reports

suggest that triggering and executing virus-induced

apoptosis and type-I IFN synthesis occur via common

pathways. Specifically, IFN-a/b are essential mediators

or potentiators of apoptotic death in virus-infected cells

(Tanaka et al., 1998; Balachandran et al., 2000). Critical

enzymes needed early in the induction of both the

type I IFN and apoptosis pathways are PKR and 2050-
oligoadenylate synthetase (Zhou et al., 1997; Kaufman,

1999; Tan and Katze, 1999; Gil and Esteban, 2000).

Transcript levels for both of these genes are unchanged

in PRRSV infected MARC-145 cells (unpublished

data). This suggests that the cellular detection of

dsRNA, an early event in the cascade, is being sup-

pressed in PRRSV infected cells and, therefore,

preventing induction of the innate immune response.

In contrast, the lack of apoptotic induction may not

be due to a direct interference mechanism, but rather

an indirect mechanism by PRRSV infection. We have
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Fig. 4. Comparison of fresh vs. spent media on apoptotic and necrotic induction. MARC-145 cells (1 � 104 cells/well) were treated, in triplicate,

for 24 h (Panel A) and 48 h (Panel B) with fresh or spent media. Before and after lysis, cells were centrifuged and the supernatants were analyzed

in the Cell Death Detection ELISAPLUS (1 � 103 cell equivalents/well = 5 � 103 cell equivalents/ml).
evidence that two of the most changed and abundantly

expressed genes resulting from PRRSV infection of

MARC-145 cells are ATF-3 and Hsp70 (13.8- and

11.7-fold increase at 24 h post-infection, data not

shown). As shown in Fig. 1, both activation transcrip-

tion factor ATF-3 and Hsp70 are potent suppressors of

the apoptotic pathway. ATF-3 is a transcriptional

suppressor of the p53 gene and Hsp70 interferes with

the dimerization of Apaf-1 and cytochrome c and is an

antagonist to the AIF apoptotic pathway (Kim et al.,

1995, 1997; Garrido et al., 2001; Ravagnan et al., 2001;

Zhang et al., 2002). The significant upregulation of

ATF-3 and Hsp70 could result in the complete blocking

of the intrinsic apoptosis pathway. Perhaps, PRRSV

takes advantage of both mechanisms to ensure that

viral replication goes unnoticed within the cell and

prevents apoptotic induction.

The detection of free nucleosomal fragments in the

culture media at both 24 and 48 h post-infection

indicate there is significant cellular lysis (necrosis)

occurring in PRRSV-infected cells. This, combined

with only low, variable levels of cell-associated nucl-

eosomal fragments, suggests that apoptosis is not
occurring at significant levels within the infected

monolayer. We performed the experiment with dif-

ferent virus inocula to see if we could detect increased

apoptosis in the monolayers infected with fewer

viruses, a measure of the ‘‘bystander cell’’ effect. We

did not observe a measurable correlation. However,

we did see a direct correlation with the amount of virus

inoculum and the level of necrosis detected at 24 h

post-infection.

The observation that mock-infected cells at 24 h

displayed much less background apoptosis than the

same cells at 48 h led us to conclude that 48 h cells

perhaps were undergoing apoptosis as a result of

longer culturing. We hypothesized that there may be

soluble factors present in the culture supernatant

capable of inducing apoptosis, and these same factors

would be present in virus stock preparations which are

harvested at 72 h post-infection. Increased levels of

both apoptosis and necrosis in those cells exposed to

‘‘spent’’ media suggests that soluble factors are

present in the media that act as potentiators of these

two processes. Apoptotic and necrotic regulatory

mechanisms share common features and perhaps, in
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these experiments, the soluble mediators triggering

these processes are similar—if not the same (Bonfoco

et al., 1995; Shimizu et al., 1996). This finding has

important implications on much of the work

performed on PRRSV using in vitro cultured cells.

Perhaps, the apoptosis identified in these studies is due

to factors independent of PRRSV infection.
4. Conclusion

It is clearly evident that apoptotic cells can be found

both in vitro and in vivo during PRRSV infection. It is

also apparent that apoptotic cells contribute to the

pathogenesis of the infection in pigs. What remains to

be answered is whether PRRSV infection directly leads

to the induction of apoptosis. Our data suggest that

PRRSV does not directly induce an apoptotic gene

expression response and results in vastly more necrotic

cell death than apoptotic cell death within monolayers

of MARC-145 infected cells. In addition, through

our work and others, there seems to be accumulating

evidence suggesting that PRRSV interferes with the

induction of the cellular innate immune response,

pathways of which are tied closely with that of

apoptosis (apoptosis is more increasingly being

classified as an innate immune response). This may

explain why there is a delayed immune response in

PRRSV-infected pigs and elucidation of the mechan-

isms of interference may provide clues into novel

intervention strategies to combat PRRSV infection.
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